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Measuring and Modeling Stable Isotopes 
of Mobile and Bulk Soil Water
Matthias Sprenger,* Doerthe Tetzlaff, Jim Buttle, Hjalmar 
Laudon, Hannes Leistert, Carl P.J. Mitchell, Jenna Snelgrove, 
Markus Weiler, and Chris Soulsby
Recent findings from stable isotope studies have opened up new questions 
about differences in the isotopic composition (d2H and d18O) of mobile (MW) 
and bulk water (BW) in soils. We sampled the isotopic compositions of MW using 
suction lysimeters and BW with the direct-equilibration method. The study was 
conducted at two landscape units in each of three catchments: the Bruntland 
Burn (Scotland), Dorset (Canada), and Krycklan (Sweden). We further used the 
numerical one-dimensional flow model SWIS (Soil Water Isotope Simulator) to 
simulate the hydrometric and isotopic dynamics. The model included evapora-
tion fractionation, allowed differentiation between a fast and a slow flow domain, 
and included isotopic exchange via water vapor. Our measurements showed that 
MW plots along the local meteoric water lines, whereas BW plots below, which 
is indicative of evaporation fractionation. We suggest that the relative volume 
of MW to BW is relevant for explaining these isotopic differences because MW 
volumes are usually relatively low during periods of high evaporation. Under this 
condition, differences between MW and plant water isotopes are not paradoxical 
but rather related to the water that cannot be sampled with suction lysimeters 
but is still available for plant water uptake. The simulations accounting for fast 
and slow flow supported the conceptualization of the two soil pore domains with 
isotopic exchange via vapor exchange because this model setup resulted in the 
best model performance. Overall, these findings are of high relevance for current 
understanding related to the source and isotopic composition of water taken up 
by plants.
Abbreviations: BW, bulk soil water; LMWL, local meteoric water line; MAE, mean absolute 
error; MW, mobile soil water; OPD, one-pore domain; PET, potential evapotranspiration; 
TPD, two-pore domain with isotopic exchange via vapor exchange; TPD_noex, two-
pore domain without isotopic exchange via vapor exchange; TWW, two water world.
Stable isotopes of hydrogen and oxygen in soil water (2H and 18O) are useful for 
identifying flow processes in the unsaturated zone (Garvelmann et al., 2012; Mueller et 
al., 2014; Oshun et al., 2016), understanding root water uptake patterns (Dawson and 
Ehleringer, 1991; Hervé-Fernández et al., 2016; McCutcheon et al., 2016; Volkmann et 
al., 2016; Rothfuss and Javaux, 2017), and calibrating hydrological models (Birkel et al., 
2014; Sprenger et al., 2015b; Knighton et al., 2017). However, the various methods of soil 
water isotope sampling for isotopic analysis provide different information about water 
fluxes because they are sampling waters of different mobility (see review by Sprenger et al., 
2015a). In particular, the differentiation between sampling that is limited to the mobile 
phase of soil water relative to sampling that includes water of a slower flow domain—the 
bulk soil water—has gained increasing attention. This interest stems from studies that 
showed that mobile water is similar to the infiltrating water of meteoric origin (precipita-
tion), while bulk soil water samples exhibited an evaporation signal (Brooks et al., 2009; 
Goldsmith et al., 2012).
Mobile soil water is usually sampled with suction lysimeters, whereas the bulk soil 
water is most often sampled via cryogenic vacuum extraction (West et al., 2006; Koeniger 
et al., 2011; Orlowski et al., 2013) or the direct equilibration method in the laboratory 
(Wassenaar et al., 2008) or in situ (Rothfuss et al., 2013; Volkmann and Weiler, 2014). 
Core Ideas
•	 Bulk soil water isotopes have an 
evaporation signal, but mobile water 
isotopes do not.
•	 These differences are time variant 
and linked to the volume and age of 
the mobile water.
•	 Two pore domains (fast and slow) 
improve simulations of soil water 
isotope dynamics.
•	 A new model accounts for isotopic 
exchange via water vapor between 
two pore domains.
•	 This exchange is relevant for proper 
simulation of the evaporation signal 
in bulk soil water.
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While the differentiation of water mobility relating to these sam-
pling methods is relatively long established (Araguás-Araguás et 
al., 1995; Landon et al., 1999; Figueroa-Johnson et al., 2007), it is 
still unclear why such pronounced contrasts in isotopic composi-
tion occur and how much interaction takes place between waters 
in different pore spaces (Vargas et al., 2017; Newberry et al., 2017). 
In particular, the kinetic fractionation, an altered d18O/d2H ratio 
compared with the precipitation, is indicative of soil evaporation 
(Dansgaard, 1964) and observed in bulk soil water of upper soil 
layers in most vadose zone isotope studies (Sprenger et al., 2016b) 
but is usually not evident in mobile soil water.
The differences between mobile and bulk soil water isotopic 
composition (2H and 18O) motivated McDonnell (2014) to for-
mulate the “two water world” (TWW) hypothesis, where mobile 
water is related to groundwater recharge and sources sustaining 
streamflow (with an isotopic composition similar to the precipita-
tion input) and water of a slower flow domain is associated with 
plant water uptake (also referred to as ecohydrological separation). 
Based on this definition, Berry et al. (2017) recently presented 
hypothetical cases where mobile and bulk soil water would be iso-
topically different depending on the soil’s moisture content and 
field capacity. However, it has not yet been assessed how mobile 
and bulk soil water volumes vary with time and how their relative 
proportions in the soil can be related to their isotopic composition.
There is an increasing interest in better understanding soil 
water isotope dynamics because isotope data have provided invalu-
able information for benchmarking hydrological models in the 
framework of celerities and velocities (McDonnell and Beven, 
2014) at the plot (Haverd and Cuntz, 2010; Stumpp et al., 2012; 
Mueller et al., 2014; Sprenger et al., 2016c), hillslope (Windhorst 
et al., 2014), and catchment scales (Birkel et al., 2014; Soulsby et al., 
2015; Knighton et al., 2017) to global land surface models (Haese 
et al., 2013; Wong et al., 2017). However, how waters of differ-
ent mobility, like preferential flow (Beven and Germann, 2013), 
alter the bulk soil water isotopic composition is little understood 
and seldom accounted for in isotope modeling (e.g., Stumpp et 
al., 2007). A large-scale analysis of isotope fluxes by Good et al. 
(2015) argued that a differentiation between mobile and tightly 
retained waters (and their connectivity) was necessary to explain 
global isotope compositions of stream water and evaporation on 
continental scales. The variability of the stable isotopic composi-
tion of water held in different pore spaces (at different pressure 
heads)—potentially dividing the subsurface pool into two water 
pools—has not yet been considered in soil physical models.
This study aimed therefore to answer the following research 
questions:
1. Do mobile and bulk soil water isotope compositions differ with 
time, and if so, in what way?
2. What role does the relative volume of mobile to bulk soil water 
play in the interpretation of soil water isotope data?
3. How does the consideration of two pore domains in the 
subsurface affect hydrological modeling of soil water isotope 
dynamics at the plot scale?
We used observations of stable water isotopes in mobile and 
bulk soil waters in combination with soil moisture data to inter-
pret differences in the mobile and bulk soil water at six locations 
in three long-term experimental catchments in the northern lati-
tudes. We then applied a soil physically based model (SWIS, Soil 
Water Isotope Simulator) to each location, with a conceptual-
ization of the subsurface assuming a uniform flow (one-domain 
flow) and another approach wherein the subsurface was divided 
into two pore domains to see how water held in a two-pore 
domain and its interactions via vapor exchange can inf luence 
the soil water isotope composition.
 6Methods
Mobile and Bulk Soil Water
In accordance with Berry et al. (2017), we define mobile 
water (MW) as soil water sampled using suction lysimeters 
(hMW = 600 hPa in Fig. 1). The applied pressure head represents 
the limit at which water can be extracted with the suction lysim-
eter. Water held at higher pressure heads is therefore not included 
in these samples. This contrasts with what we define as bulk soil 
water (BW), which is soil water that was sampled using the direct-
equilibration method as proposed by Wassenaar et al. (2008) and 
described below. While it is unknown how well the pore waters 
interact during the equilibration process of 2 or 3 d during the 
direct-equilibration method, we assume that water at pressure 
heads of 106 hPa (hBW in Fig. 1) will take part in the equilibra-
tion process.
We applied this concept of mobile and bulk soil water to six 
locations in three long-term experimental catchments, described in 
more detail below. Given that we know the water retention curve 
of a studied soil (Fig. 1, description of soil data below), we can 
infer the pressure head for a given measured soil moisture content 
[q(t)] according to van Genuchten (1980). We can then derive how 
much of the soil pore water can be sampled by suction lysimeters 
(VMW) and how much is sampled with the direct-equilibration 
method (VBW) by
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In Fig. 1, we visualize VMW (in blue) and VBW (in red) for 
saturated conditions [q(t) = qs] at one of the six locations (NF).
The fraction of mobile water relative to BW (VMW/VBW) 
varies as a function of soil moisture:
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Study Sites
The study includes data sets from three long-term 
research catchments in the northern latitudes: Bruntland 
Burn in the Scottish Highlands (57°2¢ N, 3°7¢ W), Dorset 
in south-central Ontario, Canada (45°12¢ N, 78°49¢ W), and 
Krycklan in northern Sweden (64°14¢ N, 19°46¢ E) (see map 
in Supplemental Fig. S1). These catchments are part of the 
VeWa (vegetation–water interactions) project, and their gen-
eral hydro-meteorological characteristics were described by 
Tetzlaff et al. (2015).
All sites are characterized by a boreal landscape with a cold 
temperate climate. Mean annual temperatures and precipita-
tion are 6°C and 1000 mm yr−1 for Bruntland Burn (Soulsby et 
al., 2015), 5°C and 1000 mm yr−1 at Dorset (Eimers and Dillon, 
2002), and 1.8°C and 614 mm yr−1 at Krycklan (Laudon et al., 
2013). There are extended periods of continuous snow cover 
at Dorset and Krycklan, with snow comprising 30% and 35 
to 50% of annual precipitation at Dorset (Eimers and Dillon, 
2002) and Krycklan (Laudon and Ottosson Löfvenius, 2016), 
respectively. At Bruntland Burn, usually <5% of annual precip-
itation is snowfall (Soulsby et al., 2015). Detailed descriptions 
of each study site were provided by Tetzlaff et al. (2014) for 
Bruntland Burn, by Buttle and Eimers (2009) for Dorset, and 
by Laudon et al. (2013) for Krycklan.
For this study, we focused on two sites within each exper-
imental research catchment, where soil water at the 10-cm 
depth was sampled. At Bruntland Burn, soil water samples 
were taken in a Scots pine (Pinus sylvestris L.) forest (site iden-
tifier [ID]: NF) and beneath heather (Calluna spp. and Erica 
spp.) vegetation (site ID: NH) (Sprenger et al., 2017b). Sampling 
locations at Dorset were in red oak (Quercus rubra L.) (site ID: Or) 
and white pine (Pinus strobus L.) (site ID: Pw) stands. At Krycklan, 
the studied soils were along a transect, with one location covered 
by Norway spruce [Picea abies (L.) H. Karst.] and blueberry 
(Vaccinium myrtillus L.) 4 m away from a stream (site ID: S04) 
and the other with Scots pine and blueberry vegetation 22 m away 
from the stream (site ID: S22) (Table 1). The soils at the research 
catchments are organic rich and of loamy to sandy texture, with 
generally low (£5%) clay content. Soil types are Podzols for five 
locations with organic matter content between 4 and 20%, while 
the soil at the near-stream location in Krycklan (S04) is character-
ized as a Histosol with about 80% organic matter content (Table 
2). Within the considered 50-cm soil depth, two horizons were 
delineated at each site, with more organic matter in the upper hori-
zon than the lower one. The two investigated landscape units at 
Bruntland Burn have been the subject of earlier studies (Geris et al., 
2015b; Sprenger et al., 2017b), and previous work on the transect 
in Krycklan was reported by Stähli et al. (2001) and Peralta-Tapia 
et al. (2015).
Available Data
For each study site, soil water was sampled with two different 
methods to characterize the MW and BW isotope composition. 
The sampling did not necessarily overlap, as listed in Table 2. The 
MW was sampled at each site at the 10-cm depth and in the second 
horizon (NF: 20 cm, NH: 30 cm, Pw: 40 cm, Or: 40 cm, S04: 
45 cm, S22: 50 cm). At Bruntland Burn, MW was sampled every 
2 wk in replicates of two using soil lysimeters (MacroRhizon by 
Rhizosphere Research Products). The pressure head was applied 
with a syringe in the morning, and water was sampled in the 
Fig. 1. Water retention curves for the six studied soils (H1 and H2 indicate 
the first and second soil horizons). The vertical lines indicate pressure heads 
at field capacity (hFC), the limit of the suction lysimeter (here defining the 
mobile water, hMW), the permanent wilting point (hPWP), and the limit of 
water sampled with the direct equilibration method or cryogenic extraction, 
defined here as bulk soil water (water in fast flow domain + water in slow flow 
domain) (hBW). The shaded area around hMW indicates a range of pressure 
heads (500–1000 hPa) representing potential differences of suction lysimeters. 
The vertical arrows indicate the pore water volume that can be sampled with 
suction lysimeters (blue, VMW) and with direct equilibration or cryogenic 
extraction (purple, VBW) for fully saturated soil (pF 0; qs) for the water reten-
tion curve of the forested site at Bruntland Burn (NF). The water of the slow 
flow domain (red) is the difference between VMW and VBW. The horizontal 
arrows show the conceptualization of the fast and slow flow domains.
Table 1. Vegetation characteristics of the six study sites.
Catchment Site
Dominant vegetation 
cover
Rooting 
depth
Interception 
capacity
Canopy 
coverage
cm mm %
Bruntland 
Burn
NF Scots pine 50 7.5† 63‡
NH heather 15 2.65§ 60‡
Dorset Or red oak 50¶ 1.7 92#
Pw white pine 50¶ 2.2 89#
Krycklan S04 Norway spruce, 
blueberry
50†† 1.3‡‡ 95‡‡
S22 Scots pine, blueberry 50†† 1.3‡‡ 95‡‡
† Haria and Price (2000).
‡ Can-Eye measurements (Soulsby et al., 2017).
§ Calder (1986).
¶ Field observations and Neary et al. (1987).
# Hemispheric photos with Can-Eye.
†† Blume-Werry et al. (2016).
‡‡ Stähli et al. (2001), from leaf area index (LAI) measurements derived from 
canopy coverage = 1 − exp(−0.463LAI).
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afternoon (Geris et al., 2015b). At Dorset, a pressure head (600 
hPa) was applied to lysimeters in replicates of six, and the water 
was sampled 1 wk later. At Krycklan, the suction lysimeters were 
connected to a bottle under vacuum and sampled 2 to 3 d later 
at a monthly interval. While the sampling protocols and devices 
for the MW sampling were different at the three experimental 
catchments, their data are nevertheless comparable because they 
are all limited to sampling the mobile phase by applying a pressure 
head of about 600 hPa (hMW in Fig. 1). All water samples were 
then analyzed by laser spectrometry (LGR DLT-100 laser liquid 
water analyzer for Bruntland Burn and Dorset, Picarro L1102-i 
and L2130-I for Krycklan) with accuracies better than ±1‰ for 
d2H and ±0.2‰ for d18O. Samples flagged by the post-analysis 
software for organic contamination were filtered and reanalyzed.
The isotopic composition of the BW was determined using the 
direct-equilibration method proposed by Wassenaar et al. (2008). 
Soil samples were taken from 5- to 10- and 15- to 20-cm depths on 
11 occasions at the Bruntland Burn, seven times at Dorset, and six 
times at Krycklan. A detailed description of the methodological 
procedure for the analysis of the samples from Bruntland Burn 
and Krycklan, performed at the laboratory of the Northern Rivers 
Institute, University of Aberdeen, was provided by Sprenger et al. 
(2017a). The analysis for the Dorset samples was performed at the 
Global Institute for Water Security, University of Saskatchewan 
according to the protocol of Hendry et al. (2015). Soil samples of 
80 to 200 g were transported to the laboratory in sealed coffee 
bags (Weber Packaging) at the University of Aberdeen or in Ziploc 
bags at the University of Saskatchewan. In the laboratory, dry air 
was added to the bags, which were subsequently heat sealed and 
then stored under constant temperature for 2 d at the University 
of Aberdeen and 3 d at the University of Saskatchewan to allow 
the soil water to equilibrate with the headspace in the bags. After 
this equilibration period, the headspace vapor was directly sampled 
and analyzed by laser spectrometry (TWIA-45-EP LGR) and the 
d2H and d18O concentrations were determined. Equally treated 
bags filled with 10 mL of standard waters of known isotopic com-
position ranging across the expected isotopic composition in the 
soil samples enabled the vapor measurements of soil water isotopes 
to be related to the Vienna Standard Mean Ocean Water (in ‰). 
Because the analyses of BW isotopic composition were done with 
concordant methods, we believe the results are comparable even 
though they were conducted in different laboratories. The accu-
racy for this method was reported to be ±0.31‰ for d18O and 
±1.13‰ for d2H (Sprenger et al., 2017b), and laser absorption 
changes due to CO2 that developed in the bag during the equilibra-
tion did not occur (Sprenger et al., 2017a).
Daily precipitation, potential evapotranspiration (PET) 
derived via Penman–Monteith (Allen et al., 1998), mean air 
temperature (T), and relative humidity were available for all sites. 
Further, the isotopic composition (d2H and d18O) of the pre-
cipitation on a daily basis was available at Bruntland Burn and 
Krycklan, and precipitation was sampled daily to every 2 wk at 
Dorset. Snowmelt isotopes were sampled with snow lysimeters at 
Krycklan and Dorset.
While snow usually plays a minor hydrologic role at Bruntland 
Burn (Ala-aho et al., 2017b), snowmelt dynamics for Dorset and 
Krycklan needed to be accounted for. For Dorset, observed snow 
dynamics, precipitation, and temperature data at the Beatrice 
climate station (http://climate.weather.gc.ca) (50 km east of the 
study sites) were used to calibrate a snowmelt model based on the 
day-degree method (Hock, 2003). Precipitation was assumed to 
be snow for T < 0°C, and snowmelt (SM) occurred on days with 
T > 0°C according to SM = DDF ´ T, where DDF is the day-
degree factor. Calibration by optimizing the correlation between 
observed and simulated snow water equivalent resulted in DDF = 
8.15 mm d−1 °C−1 and a significant correlation between observed 
Table 2. Characteristics of the studied soils. Soil texture is given according to USDA soil texture classes.
Catchment Site Soil type Depth Texture class Sand Silt Clay
Organic 
matter
Bulk 
density
Mobile water sampling 
period
Bulk water sampling 
period
cm ———————— % ———————— g cm−3
Bruntland 
Burn
NF Podzol 0–15 loamy sand 78.9 17.1 4.0 80† 0.74† 23 Oct. 2012– 
27 Aug. 2013
29 Sept. 2015– 
23 Sept. 201615–50 loamy sand 77.1 20.4 2.5 8† 1.04†
NH Podzol 0–15 loamy sand 78.1 19.5 2.3 17 0.78† 1 June 2011– 
5 Nov. 2013
29 Sept. 2015– 
23 Sept. 201615–50 loamy sand 81.9 16.2 2.5 3 1.25
Dorset Or/Pw Orthic humo-
ferric Podzol
0–25 sandy loam 67.9‡ 28.6‡ 3.5‡ 3.9‡ 0.65‡ 23 June– 20 Oct. 2016 27 Oct. 2015– 
2 Nov. 201625–50 sandy loam 67.6‡ 31.6‡ 1.2‡ 2.7‡ 0.87‡ 30 June– 20 Oct. 2016
Krycklan S04 Histosol 0–35 organically dominated 40–70# 19 Jan.–  23 Nov. 2012 22 Sept. 2015– 
20 Sept. 201635–50 sand 86§ 14§ 0§ 10–40#
S22 Podzol 0–20 sand 91.3¶ 8.2¶ 0.5¶ <5# 15 Mar. 2012– 
20 Sept. 2016
22 Sept. 2015– 
20 Sept. 201620–50 sand 95.2¶ 4.4¶ 0.4¶ <5#
† Geris et al. (2015b).                  ¶ Nyberg et al. (2001).
‡ Soil description by Lozano et al. (1987).                 # Lidman et al. (2017).
§ Soil texture from the 70-cm soil depth from Nyberg et al. (2001).
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and predicted snow water equivalent (r = 0.86, p < 0.05). Inclusion 
of solar radiation did not improve the simulation of snowmelt 
dynamics. This snowmelt model was then applied to precipitation 
and temperature data from Dorset to estimate daily melt, while 
the isotopic composition of the meltwater was directly measured. 
At Krycklan, where the snowfall was regularly sampled and the 
isotopic composition determined, the melt dynamics and isotopic 
composition were simulated according to Ala-aho et al. (2017a). 
For the years when snowmelt was sampled with lysimeters (2012, 
2015, and 2016), the measured isotopic composition was used 
instead of the simulated values.
We calculated the 30-d running mean of PET (PET30) and the 
weighted running average isotopic composition of the precipitation 
and snowmelt input (d2H P30 and d18O P30) to relate these atmo-
spheric variables to the observed soil water isotope data. For each 
experimental catchment, we computed the local meteoric water line 
(LMWL) as the regression line through the precipitation samples 
in a dual-isotope (d18O vs. d2H) plot. The LMWL is defined by 
the slope (a) and y axis intercept (b) as d2H = ad18O + b. With a 
known LMWL, we derived the line-conditioned excess (lc-excess) 
as proposed by Landwehr and Coplen (2006): lc-excess = d2H − 
ad18O − b. The lc-excess describes the deviation of a water sample 
from the LMWL in the dual-isotope plot, which is used to infer soil 
evaporation processes due to kinetic fractionation of precipitation 
input (McCutcheon et al., 2016; Sprenger et al., 2016b, 2017b).
Soil moisture content was monitored at each site at the 10-cm 
depth and in the second horizon (NF: 20 cm, NH: 30 cm, Pw: 
40 cm, Or: 40 cm, S04: 45 cm, S22: 50 cm). At the Bruntland 
Burn sites, soil moisture was measured with time domain reflec-
tometry (TDR) soil moisture probes (CS616, Campbell Scientific) 
at 15-min intervals from which daily averages were computed. 
Calibration of the sensors was done in the laboratory using bulk 
density and gravimetric water content measurements. At Dorset, 
instantaneous soil moisture measurements were performed using 
a Profile-Probe PR2 (Delta-T Devices) in parallel with the suction 
lysimeter sampling (six replicates at weekly intervals). For the two 
sites at Krycklan, daily average soil moisture values were derived 
from TDR measurements at 4-h intervals.
The soil physical characteristics, described by the water reten-
tion curve, were derived from pedotransfer functions by Schaap et 
al. (2001) for the Bruntland Burn and Dorset locations according 
to the soil textural and bulk density information listed in Table 2. 
For the Krycklan sites, the hydraulic conductivity, K, was based 
on soil core constant-head permeameter measurements by Nyberg 
et al. (2001) for soil samples from the 30- to 40-cm soil depth at 
S04 and 11 to 16 cm at S22. The Mualem–van Genuchten param-
eters a , n, and qr were defined by fitting with the RETC code (van 
Genuchten et al., 1991) to laboratory measurements by Nyberg 
et al. (2001). Maximum observed water content in long-term soil 
moisture time series served as qs for S04 and S22. All soil hydraulic 
parameters are listed in Table 3.
Canopy coverage at Bruntland Burn and Dorset was esti-
mated using upward-facing hemispheric photographs input to the 
CAN-EYE software (Weiss and Baret, 2014), and leaf area index 
measurements were available at Krycklan (Table 1).
We applied the non-parametric Wilcoxon rank sum test to 
assess if MW and BW were significantly different at the 0.05 level 
between May and September, since the Shapiro-Wilk test for nor-
mality revealed that the data are not normally distributed.
Description of the Soil Water Isotope Simulator
In SWIS, water f low is simulated solving the Richards 
equation according to the Mualem–van Genuchten model (van 
Genuchten, 1980) and isotope transport is simulated according to 
the advection–dispersion equation. The model accounts for equi-
librium fractionation according to Majoube (1971) and kinetic 
fractionation according to Gonfiantini (1986) during evaporation 
from the soil and interception storage as described by Mueller et 
al. (2014). The equations for the water flow and isotope transport 
are available in Mueller et al. (2014); we focus here on the descrip-
tion of the changes to the model since the application by Mueller 
et al. (2014).
In the current study, we used, in accordance with Barnes 
and Allison (1983), a dimensionless diffusion coefficient of 1 
to account for diffusional transport in soil pores for the kinetic 
fractionation constants (28.4‰ for 18O and 25.0‰ for 2H; cf. 
Gonfiantini, 1986). For the isotope transport modeling, we con-
verted isotope values in delta notation (d2H and d18O in ‰) to 
atomic ratios (C in %) for 2H and 18O. Note that in the following 
description, C always indicates that the calculation is done with 
atomic ratios for both 2H and 18O isotopes separately.
The Mualem–van Genuchten parameters for each soil hori-
zon are listed in Table 3, and the dispersivity parameter required 
in the advection–dispersion equation was set to 10 cm for all sites 
based on the meta-analysis by Vanderborght and Vereecken (2007). 
The simulations were conducted for soil profiles reaching a depth 
of 50 cm, delineated into layers of 5-cm intervals.
Table 3. Soil hydraulic parameters describing the water retention 
curve (Fig. 1) and saturated hydraulic conductivity according to the 
Mualem–van Genuchten model: residual water content (qr), saturated 
water content(qs), air-entry value (a), shape parameter n, and hydraulic 
conductivity (K).
Catchment Site Horizon qr qs a n K
— cm3 cm−3 — cm−1 cm d−1
Bruntland 
Burn
NF 1 0.0454 0.6048 0.0434 1.3680 345.18
2 0.0375 0.4936 0.0422 1.4542 322.89
NH 1 0.0415 0.5822 0.0431 1.3765 392.46
2 0.0387 0.4435 0.0452 1.7185 282.54
Dorset Or/
Pw
1 0.0456 0.6082 0.0221 1.3672 485.04
2 0.0356 0.5136 0.0238 1.3937 427.09
Krycklan S04 1 0 0.86 0.016 1.262 55.3†
2 0.0002 0.73 0.0477 1.2381 80.4†
S22 1 0.0429 0.70 0.0919 1.4895 147†
2 0.0472 0.5 0.0835 1.7469 656†
† Lidman et al. (2017).
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The upper boundary condition was defined by the input 
volume and isotopic compositions (d2H and d18O) of precipi-
tation or snowmelt and the output f lux of evapotranspiration. 
The potential evapotranspiration was partitioned into potential 
transpiration and potential evaporation according to the canopy 
coverage (see Table 1) as suggested by Ritchie (1972). For NF, sap 
flow measurements were used to adjust the partitioning to the 
observations of Wang et al. (2017a), and at NH, evaporation esti-
mates from a maximum entropy approach by Wang et al. (2017b) 
were used to adjust evaporation–transpiration partitioning. Soil 
evaporation was limited to the upper 10 cm because water losses 
are highest in this soil layer for coarse textures as described by Or 
et al. (2013). As proposed by Or et al. (2013), soil evaporation was 
subdivided into Stage 1, controlled by the liquid-phase continuity 
and capillary forces during wet conditions, and Stage 2, controlled 
by diffusion during dry conditions. Actual transpiration losses 
along the soil profile were limited to the rooting depths as listed 
in Table 1 and limited to depths and times when the pressure 
heads were below the permanent wilting point (hPWP). While we 
have no data on the actual pressure head of the permanent wilting 
point, we used a commonly used value of pF 4.2 because the stud-
ied soils seldom reach such high pressure heads and transpiration 
demand is met by precipitation inputs most of the time (Wang et 
al., 2017a). Therefore, the uncertainty introduced by the assumed 
hPWP = 15,000 hPa is expected to be low. Evaporation and tran-
spiration each decreased linearly with depth.
Precipitation input was partitioned into direct infiltration 
and interception according to the canopy coverage (Table 1). 
When the interception capacity was reached (listed in Table 1), 
the surplus infiltrated into the soil. Evaporation from interception 
storage led to isotopic fractionation, and precipitation entering the 
interception storage mixed with water stored prior to the rainfall. 
In contrast to evaporation, transpiration was not associated with 
isotopic fractionation and thus did not enrich the soil water. 
Interception storage was set to zero during snowfall and snowmelt 
because snowmelt infiltration volumes were simulated and their 
isotopic compositions were available from either measurements or 
simulations as described above.
The SWIS model was applied in the current study assuming 
either an equilibrium model (one-pore domain, OPD) or non-
equilibrium model (two-pore domain, TPD). The OPD assumed 
uniform flow, but the TPD divided the subsurface into two pore 
domains according to the definitions of MW and BW above and 
visualized in Fig. 1 and 2. Input and output of the TPD were 
divided with respect to their relative pore volumes. If the pore 
volume of the slow flow domain was filled, it was routed to the 
fast f low domain. The setup of the TPD approach was similar 
to the dual-permeability approach of Gerke and van Genuchten 
(1993), but in SWIS, the same set of Mualem–van Genuchten 
parameters is used in the two domains and there is no isotopic 
exchange between the fast and slow flow domains via the liquid 
phase. Instead, isotopic exchange between the fast and slow flow 
domains occurs via vapor exchange (Fig. 2). As described by 
Criss (1999), two water pools of different isotopic composition 
approach their weighted mean (Ceq) due to exchange via water 
vapor exchange at equilibrium.
In the SWIS model, this equilibrium concentration follows 
the mixing model between the volume of water in the fast and slow 
flow domains (Vf and Vs, respectively) (cm3) and their isotopic 
composition (Cf and Cs, respectively) (%):
f f s s
eq
f s
V C V CC
V V
+=
+
  [4]
How fast this equilibrium is reached depends, according to 
Criss (1999), on the vapor pressure (ew) (hPa), the water volumes 
(Vf and Vs), and the surface area where the liquid–vapor exchange 
happens in the fast and slow f low domains (Af and As, respec-
tively) (cm2):
( ) ( )f s f seq w eq
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  [5]
with C being atomic ratios of 2H or 18O isotopes, and the sub-
script j representing the fast or slow pore domain. The parameter 
k (cm hPa−1 d−1) is set to 0.0060376 based on Ingraham and Criss 
(1998), ew (hPa) is defined according to the Clausius–Clapeyron 
equation (Warneck and Williams, 2012), and t (d) is the time step. 
Fig. 2. Conceptualization of the two-pore domain approach of the 
model SWIS. The fast and slow pore domains are divided according 
to the pressure head (see Fig. 1), but the water flow of both domains 
is described by the same set of Mualem–van Genuchten parameters. 
The exchange between the fast and slow domain via water vapor is 
described in Eq. [4–7]; h is pressure head, hMW, is pressure head limit 
of “mobile water,” qr is residual water content, qs is saturated water 
content, a is air-entry value, n is a shape parameter, K is hydraulic 
conductivity, hf and hs are pressure heads in the fast and slow flow 
domains, respectively, Vf and Vs are soil water volumes in the fast and 
slow flow domains, respectively, ff and fs are soil porosities of the fast 
and slow domains, respectively, k is a parameter for exchange via water 
vapor, ew is saturated vapor pressure, fa is an areal factor that scales the 
surface area of the liquid–vapor interface, and S is a packing parameter 
for the surface area model.
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The water volumes (Vf and Vs) result from the water flow calcula-
tions based on the Richards equation.
The surface area for the liquid–vapor exchange is conceptual-
ized in SWIS by assuming that the pore domains are each a single 
tube. Based on the capillary rise equation [r = −2s/(rwh)], with 
s the surface tension (=7.27 ´ 10−2 J m−2 at 20°C) and rw the 
water density (=1 g cm−3), we can derive from the pressure heads 
(hs and hf, respectively, in 1 hPa = 0.01 J g−1) the radii (cm) of the 
two pore domains as rs = −0.14 m3 s−2/hs and rf = −0.14 m3 s−2/hf 
(Campbell, 1985). The water volume then defines the length of the 
tube, and the exchange surfaces, covering only part of the surface 
tube, are a function of porosity (ff and fs, dimensionless), the 
dimensionless packing (S), and the water content of the slow and 
fast domains (Vs and Vf) as
A
s s
s
s
2f SVA
r
f=   [6]
A
f f
f
f
2f SVA
r
f=   [7]
with fA being a factor to adjust the area of exchange between liquid 
and vapor (dimensionless). For the parameter representing the 
packing, S, the value of 0.15 was chosen as a mean value because 
uniform spherical particles would yield between ?0.09 (for the 
densest packing) and ?0.21 (for the loosest packing).
We applied the model using the representation of uniform 
flow (OPD) and using the TPD, where the areal factor was set 
to fA = 4 to allow forexchange between the pore spaces. We fur-
ther tested the two-pore domain approach with fA = 10, impeding 
any isotopic interaction between the mobile and tightly retained 
soil waters (TPD_noex). To assess the sensitivity of the TPD 
approach to the assumed pressure head defining the fast and slow 
flow domains (Fig. 1), we ran the TPD approach additionally with 
hMW = 500 hPa and hMW = 1000 hPa.
In addition to the SWIS simulations, we also ran simulations 
with a modified HYDRUS-1D that does not account for isotopic 
fractionation processes. However, we used a modified HYDRUS 
version, where the solute (in our case the isotopic composition) 
does not evapoconcentrate at the upper boundary (Stumpp et al., 
2012). Further, HYDRUS-1D cannot split the soil water into fast 
and slow flow domains according to defined pressure heads, which 
we aimed to simulate in our study.
All simulations started for Krycklan on 1 Jan. 2010 and for 
Bruntland Burn and Dorset on 1 June 2011, and ended on 30 Sept. 
2016. The goodness of fit for the model approaches were assessed 
for the different sites with the mean absolute error (MAE) and the 
Pearson correlation coefficient comparing the simulated soil mois-
ture, d2H, and lc-excess of MW and BW and the average values of 
soil moisture and the MW and BW d2H and lc-excess, respectively. 
We decided to use the MAE and not the root mean square error 
because we cannot expect that the residuals between simulated and 
observed isotope and soil moisture data follow a normal distribu-
tion, which would be a requirement for the latter (Chai and Draxler, 
2014). Because our sample size of observations was relatively low, we 
could not compare the simulations using the Nash–Sutcliffe effi-
ciency (NSE, Nash and Sutcliffe, 1970) or Kling–Gupta efficiency 
(KGE, Gupta et al., 2009). Using the MAE as a goodness-of-fit 
measure limits the comparison of simulations to average values of 
observed data. However, mean values do not reflect the high het-
erogeneity present in the soil water isotopic composition. Therefore, 
we included the variability of hydrogen and oxygen stable isotopes 
of soil water, d2H and d18O, in the assessment of our model per-
formances for the BW data that were taken in replicates of five for 
each sampling day. To do so, we estimated the probability density 
function for both BW d2H and BW d18O leading to a bivariate 
approximation of the variability in the dual-isotope space.
 6Results
Observed Differences between Mobile 
and Bulk Soil Water Isotopes
Mobile (MW) and bulk soil water (BW) d2H and d18O com-
positions at the 10 cm depth at the six locations generally reflected 
the isotopic composition of precipitation and snowmelt at each site 
according to latitude. Soil water between May and September was 
most enriched in d2H at Bruntland Burn, less enriched at the Dorset 
locations, and considerably depleted at the Krycklan sites (Fig. 3a). 
The d2H and d18O values of MW were not significantly different 
from values of BW samples; however, S22 was an exception, where 
MW was significantly depleted in 2H compared with BW. In con-
trast, we generally observed a significantly lower lc-excess for BW 
Fig. 3. Comparison between the (a) d2H 
and (b) the line-conditioned excess (lc-
excess) of the bulk soil water and the 
mobile soil water at the 10-cm soil depth 
for the May to September period at the 
six sites. Significant differences between 
mobile water and bulk water for each site 
are indicated by stars (Wilcoxon rank sum 
test, p < 0.05).
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than for MW at all locations for samples taken during the growing 
season (Fig. 3b). Thus, there was a soil evaporation signal in BW but 
not in MW, whose lc-excess was generally close to zero. While we 
do not expect intense evaporation during the dormant season, the 
sampling strategies were also too different to include this period to 
check for similarities in soil water lc-excess values.
Temporal dynamics of the soil water isotope compositions 
are shown in the dual-isotope plots in Fig. 4 (and in time series in 
Supplemental Fig. S2 and S3). The MW isotopic compositions for 
all six landscape units generally plotted along the LMWL (circles 
in Fig. 4). Suction lysimeter samples were therefore water that did 
not undergo evaporation after infiltration into the soil. For the 
BW, only samples taken during winter and spring plotted along the 
LMWLs (blue and green stars in Fig. 4). In contrast, BW samples 
from summer and autumn plotted partly below the LMWL, along 
an evaporation line (linear regression through samples) with slopes 
between 2.7 and 6.8 during summer (red stars in Fig. 4).
For most sampling locations, the d2H and d18O values of 
MW and BW at 10 cm followed the precipitation and snowmelt 
input isotopic composition averaged across 30 d prior to sampling 
(Table 4). While dBW was correlated at all locations with dP30 
(r > 0.51), dMW did not show a relationship with dP30 at the 
Krycklan locations. Limiting the correlation of the soil water 
isotopic composition to the immediate antecedent infiltrating 
water (P1 d2H in Table 4) resulted in significant relationships 
only for the MW at Dorset sites. For all other locations, the cor-
relation coefficients were reduced compared with the relationship 
of MW d2H and BW d2H to the long-term average of P30 d2H. 
Thus, the soil water did not simply reflect short-term effects of 
recently infiltrated water, but rather both MW and BW mainly 
comprised a mixture of younger (most recent infiltration) and 
older water (infiltrated a few weeks to months previously). This 
is further supported by the dampened variability in the MW and 
BW isotopic compositions compared with the precipitation input 
Fig. 4. Dual isotope plots comparing mobile (MW, circles) and bulk (BW, stars) soil water samples at the 10-cm soil depth. Color code indicates the 
season. Also shown are the global meteoric water line (GMWL, black line), the local meteoric water line (LMWL, dashed line), and the groundwater 
(black squares) for Bruntland Burn (data from Birkel et al., 2014) and Krycklan (data from Peralta-Tapia et al., 2015). The LMWL for Bruntland Burn: 
d2H = 7.7d18O + 4.9; for Dorset: d2H = 7.8d18O + 10.1; for Krycklan: d2H = 7.2d18O − 3. Slopes of the regression lines for the BW and MW samples 
are given for each season indicated by the font color and for all samples in gray.
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composition (Supplemental Fig. S2). The lowest dBW and dMW 
temporal dynamics were found for the near-stream location at 
Krycklan (S04), where the dMW barely changed despite a variable 
input signal (Table 4).
The S04 location also showed the poorest relationship 
between BW lc-excess and average evapotranspiration 30 d prior to 
the sampling (PET30). However, BW lc-excess at all sites decreased 
with increasing PET30 (Table 4). The BW lc-excess was generally 
lower than the P30 lc-excess, indicating the effect of some kinetic 
fractionation due to soil evaporation. In contrast to BW, the MW 
lc-excess did not vary with time or exhibit a relationship with 
PET30. The BW lc-excess significantly decreased with decreas-
ing soil moisture at the Dorset sites and to a lesser extent at the 
Bruntland Burn sites (Table 4). Missing data for the Krycklan soil 
moisture measurements precluded an analysis of this relationship, 
but no relationship with soil moisture is expected because BW lc-
excess showed little variation at these sites.
For Dorset, where MW and BW were sampled during the 
same period, the differences between BW lc-excess and MW-lc-
excess increased with decreasing soil moisture (r = 0.94, p = 0.056 
for Or; r = 0.86, p = 0.14 for Pw). Also for the Krycklan site S22, 
MW and BW were sampled in parallel on 6 d, and the dBW was 
more enriched than dMW during summer but was about the same 
after snowmelt.
Temporally Variable Mobile 
and Bulk Soil Water Volumes
As shown in Fig. 1, sampling with suction lysimeters consid-
ers a smaller volume than the soil water volume accounted for in 
isotope analysis with direct equilibration or cryogenic extraction. 
Using the measured soil moisture at the six locations and the two 
different horizons of the considered profiles, we can use the water 
retention curves in Fig. 1 to derive time series of pressure heads 
at these sites (Fig. 5a). Pressure head showed a strong seasonality 
Table 4. Pearson correlation coefficients between soil water isotopic composition at the 10-cm soil depth and line-conditioned excess (lc-excess) for  
mobile soil water (MW) and bulk soil water (BW) and atmospheric drivers prior to soil water sampling: input signal (precipitation and snowmelt) 
weighted averages over 30 and 1 d (P30 and P1, respectively), average evapotranspiration over 30 d (ET30), and soil moisture content (q). 
Site
MW d2H 
 vs. P30 d2H
BW d2H vs.P30 
d2H
MW d2H 
 vs. P1 d2H
BW d2H  
vs. P1 d2H
MW lc-excess 
vs. ET30
BW lc-excess 
vs. ET30
MW lc-excess 
vs. q
BW lc-excess 
vs. q
NF 0.60** 0.87** 0.48 0.30 −0.16 −0.52 0.74** 0.49
NH 0.56** 0.65* 0.08 0.31 −0.25 −0.59* 0.31** 0.33
Or 0.63* 0.67 0.70* 0.48 −0.15 −0.56 0.03 0.99**
Pw 0.99** 0.69 0.89* −0.03 −0.24 −0.37 0.53 0.90
S04 0.06 0.49 −0.13 −0.22 0.25 −0.15
S22 −0.28 0.96** −0.30 0.38 −0.60 −0.41
* Significant at p < 0.05.
** Significant at p < 0.01. 
Fig. 5. (a) Soil water pressure head derived 
from the time series of measured soil moisture 
at 10 cm (H1) and in the second horizon (H2) 
using the water retention curve for each site 
as shown in Fig. 1. Horizontal lines represent 
pressure heads at field capacity (hFC), the limit 
of mobile water (hMW), the permanent wilt-
ing point (hPWP), and the limit of bulk water 
analysis (hBW); and (b) the ratio between water 
volume extractable by suction lysimeter (VMW) 
and water extractable by cryogenic extraction 
or direct equilibration (VBW) as defined in Eq. 
[3]. The shaded area represents the variation in 
VBW/VMW depending on a range of assumed 
hMW (500–1000 hPa).
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at the locations in Bruntland Burn, with a pronounced drying 
during summer, when the pressure head was usually below field 
capacity (hFC). Note that the pronounced drying for NF was prob-
ably explained by the soil moisture sensor location directly below 
a dense Scots pine canopy, leading to reduced infiltration due to 
high interception losses (Soulsby et al., 2017). At Dorset, where 
weekly measurements were available during summer 2016, the 
soil’s pressure head was between field capacity and the permanent 
wilting point (hPWP). For Krycklan, the pressure head was close 
to hFC, with a pronounced wetting of pressure heads below field 
capacity during snowmelt periods (Fig. 5a).
The variability of soil moisture and the corresponding 
pressure heads directly affected the soil moisture volumes that 
potentially could be sampled with suction lysimeters (VMW, 
Fig. 1). Consequently, the ratio of the mobile to bulk soil water 
volume (VMW/VBW) varied with time as a function of the pressure 
head and the shape of the water retention curve. For the soils at 
Bruntland Burn, MW accounted for about 40 to 65% of the BW 
at the 10-cm depth during winter and early spring but fell below 
40% during summer (Fig. 5b). There were occasions during the 
exceptionally dry summer of 2013 (?10-yr return period) when 
the suction lysimeters were not able to extract any water. The 
problem of available water for the suction lysimeter was more 
pronounced for the Dorset sites, where lysimeters could not extract 
water at about 80% of the overall sampling locations and occasions. 
The infrequency of MW in the upper soil is supported by the 
VMW/VBW ratio that indicates that no MW was present during 
the summer of 2016 at Dorset. For Krycklan, the fraction of MW 
at the 10-cm soil depth was highly responsive to precipitation and 
evaporative changes and dropped below 30% on a few occasions. 
However, in the second horizon, the MW fraction was generally 
high (>60%) and showed little variation with time. The general 
pattern of the variability in VMW/VBW is persistently independent 
of the pressure head applied by the suction lysimeter, as shown for 
the range of pressure heads between 500 and 1000 cm in Fig. 5b.
Simulation of Soil Moisture
The model differentiation into either a one-pore (OPD) or two-
pore domain (TPD) did not affect the soil hydraulics simulations 
(Fig. 6d, 7d, and 8d). Simulated soil moisture was usually close to the 
observed soil moisture, with MAE values between 0.02 and 0.11 cm3 
cm−3 for most sites (Supplemental Table S1). At NF, the MAE was 
0.11 cm3 cm−3 because soil drying during the growing season was 
underestimated in the simulations compared with the observations. 
However, as discussed above, we relate the pronounced drying as 
observed at NF to the location of the soil moisture sensor beneath 
a dense canopy. Soil moisture at S04 was underestimated in the 
simulations, which led to a MAE of 0.21 cm3 cm−3. However, soil 
moisture dynamics at S04, with little variation during the winter 
and relatively little response to precipitation inputs, were relatively 
well met (r = 0.79 at 10 cm and r = 0.66 at 50 cm, p < 0.01).
Simulation of Soil Water Isotopes
Simulations of the soil water isotopes were usually improved 
when using a TPD rather than OPD (Fig. 9). The OPD approach 
usually overestimated the isotopic fractionation (brown curves in 
Fig. 6b, 7b, and 8b), which led to MAEs between observed and sim-
ulated BW d2H at the 10-cm depth between 5 and 15‰. The TPD 
simulations resulted in lower MAEs of BW d2H of 3.7 to 6.7‰, 
approaching or reaching the observed standard deviation in the 
Fig. 6. Observed (Obs.) and simulated (Sim.) soil 
water isotope and moisture dynamics at the NH 
site at Bruntland Burn for the period of bulk soil 
water sampling (2015–2016): (a) precipitation and 
snowmelt input; (b) d2H and (c) line-conditioned 
excess (lc-excess) dynamics of the bulk soil water, 
with measurements as stars and simulation as purple 
lines (solid lines for the two-pore domain [TPD], 
dashed line for the one-pore domain [OPD], and 
dotted line for HYDRUS). Also shown are simu-
lated isotopic composition (in b and c) and soil 
moisture q (in d) of fast (blue) and slow (red) 
domains from the TPD simulations. Shaded areas 
in (b) and (c) represent the variability in simulated 
fast, simulated slow, and simulated bulk soil water 
(BW) for the range of assumed mobile water pres-
sure head hMW of 500 to 1000 hPa.
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field (Fig. 9). The fit between simulated and observed BW lc-excess 
was also better with the TPD than with the OPD at Bruntland 
Burn. However, for Dorset and Krycklan, there were only small 
differences between the simulated fractionation signal in the BW 
using either OPD or TPD. Simulations of BW d2H without iso-
topic exchange (TPD_noex) were in many cases better than the 
simulations with OPD but not as good as the TPD simulations. In 
terms of BW lc-excess, the differences were less pronounced (Fig. 
9). The model results for BW d2H with HYDRUS-1D were close 
to the standard deviation observed in the field, but the simulated 
lc-excess values showed higher deviations for the HYDRUS-1D 
results than for the SWIS simulations (Fig. 9).
Fig. 7. Observed (Obs.) and simulated (Sim.) 
soil water isotope and moisture dynamics at the 
NH site at Bruntland Burn for the period of 
mobile soil water sampling (2011–2013): (a) pre-
cipitation and snowmelt input; (b) d2H and (c) 
line-conditioned excess (lc-excess) dynamics of 
mobile soil water, with measurements as points 
and simulation of bulk soil water isotopes as 
purple lines (solid lines for the two-pore domain 
[TPD], dashed line for the one-pore domain 
[OPD], and dotted line for HYDRUS). Also 
shown are simulated isotopic composition (in 
b and c) and soil moisture q (in d) of fast (blue) 
and slow (red) domains from the TPD simula-
tions. Shaded areas in (b) and (c) represent the 
variability in simulated fast, simulated slow, and 
simulated bulk soil water (BW) for the range of 
assumed mobile water pressure head hMW of 500 
to 1000 hPa.
Fig. 8. Observed (Obs.) and simulated (Sim.) 
soil water isotope and moisture dynamics at the 
Or site at Dorset: (a) precipitation and snowmelt 
input; (b) d2H and (c) line-conditioned excess 
(lc-excess) dynamics of bulk soil water, with mea-
surements as stars and simulation as purple lines 
(solid lines for the two-pore domain [TPD], 
dashed line for the one-pore domain [OPD], 
and dotted line for HYDRUS). Also shown are 
observed mobile water isotopes and simulated 
isotopic composition (in b and c) and the soil 
moisture q (in d) of fast (blue) and slow (red) 
domains from the TPD simulations. Shaded areas 
in (b) and (c) represent the variability in simu-
lated fast, simulated slow, and simulated bulk 
soil water (BW) for the range of assumed mobile 
water pressure head hMW of 500 to 1000 hPa.
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The MAE between observed and simulated d2H or lc-excess 
was usually higher for the simulation of the MW than the BW. 
Simulating the TPD with exchange via water vapor did not 
improve the simulations of MW isotopic compositions, but the 
HYDRUS-1D results matched best (Supplemental Table S1).
Dual-isotope plots including a bivariate kernel density distri-
bution underline the improved goodness-of-fit for TPD compared 
with OPD and illustrate that the simulations with the TPD 
approach lay within or close to the probable distribution of the iso-
topic compositions present in the field for most days (Supplemental 
Fig. S4).
Regarding the BW lc-excess dynamics, we observed that the 
lc-excess signal did not linearly follow the seasonal increase and 
decrease in PET at Bruntland Burn. Instead, the BW lc-excess 
stayed close to zero during spring, while PET increased and the 
BW-lc excess decreased considerably only during high PET rates. 
The BW lc-excess stayed negative at the end of the summer, despite 
decreasing PET rates and increased only slowly during autumn. 
This led to a hysteresis effect, and the lag response of the BW 
lc-excess to PET was interpreted as an indication of a two-pore 
domain (Sprenger et al., 2017b). Our simulations support this 
interpretation because neither the HYDRUS-1D nor the OPD 
approach or TPD_noex could simulate the hysteresis pattern (Fig. 
10e–10g), while the simulation with the TPD resulted in a lagged 
response of BW lc-excess to PET (Fig. 10h).
 6Discussion
Why Mobile and Bulk Soil Water Isotope 
Compositions Differ
A potential explanation for the observed differences between 
MW and BW isotopic composition is the different pore spaces that 
can be effectively sampled using the two methods applied in this 
study. Detection of an evaporation signal in BW but not in MW 
is consistent with other studies that sampled both dBW and dMW 
in different environments (Brooks et al., 2009; Goldsmith et al., 
2012). However, in contrast to studies of clayey soils by Araguás-
Araguás et al. (1995), Figueroa-Johnson et al. (2007), Brooks et al. 
(2009), and Oshun et al. (2016), we did not see in our low-clay-
content soils that the MW was generally more enriched in heavy 
Fig. 9. Comparison of the mean absolute error (MAE) between observed and simulated (a) d2H and (b) line-conditioned excess (lc-excess) of bulk water 
simulated with HYDRUS-1D or the SWIS model using the one-pore domain (OPD) or the two-pore domain without (TPD_noex) or with (TPD) 
isotopic exchange via water vapor. The dashed and dotted lines show the average standard deviations for a sampling campaign at the individual sites.
Fig. 10. Observations (stars) and simula-
tions of the relationship between the average 
potential evapotranspiration (PET) during 
the 30 d prior to the sampling (PET30) and 
(a–d) the bulk soil water (BW) d2H and 
(e–h) the BW line-conditioned excess (lc-
excess) for the NH site at Bruntland Burn: 
simulations with (a,e) HYDRUS-1D; (b,f ) 
the one-pore domain (OPD), (c,g) the 
two-pore domain approach without isoto-
pic exchange via vapor (TPD_noex); and 
(d,h) the two-pore domain with isotopic 
exchange (TPD). Colors of the marker fill-
ings indicate the meteorological seasons.
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isotopes than the BW. This can probably be related to recent find-
ings showing that waters in the slow flow domain interact with 
mineral surfaces, changing the isotopic compositions accordingly 
(Oerter et al., 2014; Gaj et al., 2017; Newberry et al., 2017). This 
would be stronger the higher the clay content. However, at our 
sites, MW was on average more depleted than BW (Fig. 3a and 
4), and the isotopic variability of infiltrating water influenced the 
soil water isotopic composition much more strongly than potential 
interactions with clay minerals.
For the Dorset locations, where BW and MW samples were 
both taken during summer 2016, dMW responded to dP input, while 
dBW remained relatively stable. Thus, it seems that the relationship 
between MW and BW isotopic compositions is variable with time 
and there is no general d-offset between the soil waters held in 
different pore spaces. Landon et al. (1999) reported that samples 
from suction lysimeters were more depleted in d18O after snowmelt 
(infiltration of d18O-depleted water) than BW extracted from soil 
cores with azeotropic distillation (Revesz and Woods, 1990) for a 
sandy soil (clay content <8%). These observations are similar to our 
findings for the Krycklan site S22, where dMW and dBW did not gen-
erally differ after snowmelt. Parallel soil water isotope sampling with 
cryogenic extraction and other methods during summer revealed in 
other studies that BW was more depleted than more mobile water 
and could therefore result from infiltration weeks or months prior 
to the sampling (e.g., due to depleted winter precipitation) (Geris et 
al., 2015a; Sprenger et al., 2015a; Oerter and Bowen, 2017). However, 
recently published issues with cryogenic extraction could also be 
partly responsible for these observations, as discussed by Orlowski 
et al. (2016). Parallel sampling of MW and BW in the study of Zhao 
et al. (2013) also did not reveal a constant offset between dMW and 
dBW in a loamy soil. Instead, BW tended to be more enriched than 
MW with declining soil moisture (Zhao et al., 2013), which we also 
observed for the Dorset locations (Or and Pw) and S22. Thus, while 
our study was limited to northern environments, we see many paral-
lels with studies conducted in Mediterranean (Brooks et al., 2009; 
Goldsmith et al., 2012) or subtropical (Zhao et al., 2013) climates 
in terms of differences between the evaporative enrichment in BW 
compared with MW. Our results suggest that the age of waters held 
in different pore spaces can explain the isotopic differences between 
MW and BW. While MW consists of relatively young water that 
percolates more quickly through the soil, BW can be composed 
of water of various ages. The “older” that water in the top 10 cm 
becomes, the more likely that the pore water experienced evapora-
tion losses and therefore shows an isotopic fractionation signal.
The Relevance of Relative Volumes for 
Interpretation of Soil Water Isotope Data
Beside the hydro-meteorological forcing that determines the 
interplay of evaporative enrichment and input of meteoric water 
(Sprenger et al., 2017c), the soil physical characteristics determin-
ing the water retention and thus the volume of mobile (VMW) and 
bulk water (VBW) are of great relevance for the isotopic differences 
between MW and BW. For example, the Krycklan sites had the 
smallest differences between MW and BW lc-excess, which can be 
related to the high soil moisture values at S04 and high VMW/VBW 
ratio at S22. These conditions ensure that there was generally sub-
stantially more MW present, resulting in relatively faster turnover 
rates in the topsoil (young water).
The main differences between VMW and VBW were gener-
ally observed during the growing season. This has implications 
when using stable isotopes to infer the root water uptake pattern 
of plants because the water sampled with suction lysimeters can 
be a relatively small fraction of the BW. Differences between 
the isotopic composition of MW and plant water are thus not 
necessarily paradoxical but rather may be directly related to the 
water that cannot be sampled with suction lysimeters but is nev-
ertheless available for plant water uptake (hPWP − hMW). In this 
context, we therefore question the conclusion that it is “puzzling 
why plants would ‘prefer’ water that is not easiest, energetically, 
to obtain” (McDonnell, 2014), when based on differences in the 
isotopic composition of MW and xylem water. In this case, plants 
are not preferring tightly retained water over mobile water. Berry 
et al. (2017) presented hypothetical cases where water could either 
be sampled by suction lysimeter or not and discussed the conse-
quences in light of the TWW hypothesis. We extend this concept 
by including the VMW/VBW ratio and its time-variant character 
to emphasize the importance of the different soil water volumes 
held at different pressure heads, which may or may not be available 
for sampling or root water uptake. Thus, the timing of isotope 
sampling at the soil–vegetation interface appears to be crucial and 
needs to be considered when studying “ecohydrological separation” 
between soil water and vegetation. This is supported by recent 
studies by Hervé-Fernández et al. (2016) and McCutcheon et al. 
(2016), who found that the TWW hypothesis might be temporally 
limited and not persistent with time. While early studies on the 
TWW were limited to two or three sampling times (Brooks et al., 
2009; Goldsmith et al., 2012), our analysis reveals that the water 
volumes held in different pore sizes can be highly variable depend-
ing on the seasonally variable hydro-meteorological conditions and 
soil textural composition. In the light of recent findings by Vargas 
et al. (2017) that there is an isotopic exchange between mobile and 
tightly retained water, the relative volumes of these two different 
pore spaces as shown in our study appear to be highly relevant. 
While this concept of differing soil water volumes sampled with 
the different methods is applicable for all soil types and climatic 
conditions, the processes of the interaction between mobile and 
retained water needs to be better understood. The applied SWIS 
model provides an adequate tool to assess these interactions via 
water vapor as discussed in the following.
Distinguishing between Pore Spaces Improves 
Simulation of Stable Isotopes
Our simulations support the idea that the soil waters held 
in different pore spaces do not always represent a well-mixed 
system. In our study, the modeling approach assuming a one-
pore domain (OPD) represented well-mixed conditions between 
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water of different pore sizes. The OPD approach usually showed 
poorer goodness-of-fit than the two-pore domain (TPD) modeling 
approach, where the pore space was divided into slow and fast flow 
domains. Thus, the TPD provided an improved representation of 
the processes in the vadose zone. This improvement holds true inde-
pendently from the assumed pressure head applied by the suction 
lysimeter, defining the differentiation between fast and slow flow 
domains in the range between 500 and 1000 hPa. While Good et 
al. (2015) showed that accounting for the hydrologic connectivity 
between fast and slow flow domains to simulate isotope balances 
on global scales was necessary, we show the relevance of the isotopic 
exchange via vapor exchange, which has not been accounted for 
before in isotope modeling. In contrast to Good et al. (2015), our 
findings do not indicate that the water in the slow flow domain 
will not eventually become runoff, since it undergoes vertical move-
ment, although at a slower rate, while its isotopic composition is in 
exchange with the faster flow domain via vapor exchange.
However, the observed and simulated evaporation-fractionated 
signal (lc-excess < 0) in the BW at the 10-cm soil depth will not 
reach the groundwater or stream water because this water subse-
quently mixes with newly introduced precipitation and snowmelt 
(with lc-excess » 0‰) as described by Sprenger et al. (2016b). Our 
simulations depicted the pattern of lc-excess approaching zero 
with depth (not shown), as observed in soils in temperate to tropi-
cal regions (Sprenger et al., 2016b) and also recently presented in 
data from a northern environment (Sprenger et al., 2017b). Further, 
groundwater data from the Bruntland Burn and Krycklan showed 
no signs of evaporative enrichment (Fig. 4), and a detailed spatial 
analysis in Bruntland Burn revealed that groundwater lc-excess is 
generally positive (Scheliga et al., 2017). Thus, the modeling results 
underline that the isotopic difference between topsoil (plotting 
below the LMWL) and stream and groundwater (plotting on the 
LMWL) does not necessarily require a division of the subsurface 
flow into two independent pore domains with no isotopic exchange 
between the fast and slow flow domains as defined in the TWW 
hypothesis. Our modeling results further showed that the inferred 
TWWs are not necessarily independent pore domains that do not 
interact, because the TPD simulation with no isotopic exchange 
via vapor exchange (TPD_noex) led to a lower goodness-of-fit than 
the TPD simulation with isotopic exchange via vapor. Thus, our 
simulations support the recent experimental evidence by Vargas et 
al. (2017) that the slow flow soil domain does interact isotopically 
with mobile waters. Other isotope field studies also showed that 
a quick component of the subsurface flow did not coincide with 
the latest precipitation input signal but represented a mixture of 
event and pre-event water (Dewalle et al., 1988; McDonnell, 1990; 
Wenner et al., 1991; Anderson et al., 1997; Kelln et al., 2007). Our 
simulations, which were improved when the MW and BW were in 
isotopic exchange, provided new insight into what the interaction 
between the waters of different flow velocities (and thus of differ-
ent ages) might look like. However, the HYDRUS-1D model that 
cannot account for evaporative enrichment gave the best match to 
the MW observations, which did not show evaporative fractionation. 
Due to the relatively low evaporation rates at the studied sites of the 
northern latitudes, the mismatch between observations of BW lc-
excess and simulations with HYDRUS-1D will therefore be higher 
in environments with higher evaporative losses.
For the Krycklan site S04, where we generally saw very lim-
ited isotopic fractionation, the differences between the modeling 
approach with (TPD) or without (TPD_noex) isotopic exchange 
between the two pore domains did not make a major difference in 
the goodness-of-fit. Additionally, simulations with HYDRUS-1D 
were not much different from the SWIS results at S04. Because 
S04 is the wettest sampling location and has the highest organic 
matter content of our study, our findings indicate that organic 
matter and the related high soil water content could potentially 
be of relevance for the exchange between the water held at differ-
ent pressure heads in the pore space. The other sites experience 
drying out, which leads to a temporal variability of the VMW/VBW 
ratio (Fig. 5b). Thus, simulations with the TPD support obser-
vations that a phase of drying out enhances the development of 
two pore domains of different isotopic composition, as seen in a 
Mediterranean climate by Brooks et al. (2009) that led to the origi-
nal positing of the TWW hypothesis.
The simulation of the MW isotopic composition was gen-
erally less successful than the simulation of the BW because the 
isotopic fractionation of the MW was overestimated. While we 
saw very little fractionation in the observed MW isotopic com-
position, the model results showed high fractionation during dry 
periods, as for example in April and May 2013 at Bruntland Burn 
(see in Fig. 7). When the volume of the MW dries out, the kinetic 
fractionation of the MW becomes increasingly more pronounced, 
with less water volume remaining in the MW pore space. This 
mismatch regarding the MW does not stem from an underestima-
tion of the pressure head applied by the suction lysimeter, since 
the simulation with higher pressure head for suction lysimeters 
did not improve the model fit (blue shaded area in Fig. 7b and 7c). 
An explanation could be that the delineation of the subsurface 
into two pore domains does not reflect the soil physical processes 
during evaporation as assumed in the model concept of SWIS; 
instead, a continuum from the largest pores of highest mobility to 
the smallest pores of lowest mobility would probably be a better 
representation of the subsurface conditions. However, this would 
increase model complexity and come at the expense of more param-
eters, which would be more difficult to define.
Our results from the SWIS simulations are consistent with 
recent findings by Knighton et al. (2017), who also showed that 
the MW isotopic composition could not be properly simulated 
when percolation was assumed to be limited to preferential flow. 
Instead, a model approach with a partially mixed subsurface gave 
the best simulations of the observed dMW dynamics (Knighton 
et al., 2017). However, the simulations by Knighton et al. (2017) 
also overestimated the MW isotopic enrichment—independent of 
their mixing assumptions. Thus, there is a general need to better 
understand how the different pore spaces are affected by evapora-
tive enrichment in the topsoil water.
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The presented simulations suggest that the tightly retained 
water can contain isotopically enriched water from the previous 
summer, while the more mobile water responds to recent 
precipitation inputs (see Winter 2015–2016 in Fig. 6). Because 
the older water dominates the smaller pores, the response of the 
BW lc-excess lags the dynamics of the evaporation losses, leading to 
hysteresis loops that could only be well simulated when considering 
a TPD (Fig. 10). Our simulations for Bruntland Burn, therefore, 
support the initial interpretation by Sprenger et al. (2017b) of 
the observed relationship between BW lc-excess and evaporation 
losses: that “old” water in smaller pore spaces leads to a memory 
effect (hysteresis loops). This would also be in agreement with 
other field studies (Geris et al., 2015a; Sprenger et al., 2015a; 
Oerter and Bowen, 2017), where a memory effect of older water 
was suggested as discussed above.
Hence, the findings of our simulations impact travel time 
estimates for the unsaturated zone because soil water isotope 
data sampled with suction lysimeters are often used in travel time 
studies (Asano et al., 2002; Muñoz-Villers and McDonnell, 2012; 
Tetzlaff et al., 2014). Such travel time analyses, based on suction 
lysimeter data (see list of studies in Sprenger et al., 2016b), will 
then be limited to the mobile waters and thus underestimate travel 
times through the unsaturated zone. To our knowledge, this dif-
ference has not been discussed or even noted in travel time studies. 
More recently, BW data were used for travel time estimates of the 
unsaturated zone (Sprenger et al., 2016c, 2016a), which accounts—
according to our findings—for the entire pore space including the 
fast and slow flow domains.
Our results for the three different northern catchments 
suggest that interaction between the different pore spaces varies 
depending on the soil properties (i.e., water retention character-
istics) and the soil water content. However, it needs to be tested 
whether this is equally applicable for different environments. Our 
conceptualization of a two-pore domain is obviously a simplifica-
tion of a more continuous system of waters with highly variable 
mobilities across the pore space. However, the relationship between 
BW lc-excess and evaporation losses presented here provides new 
insights into an appropriate and reasonable model representation 
of the relevant hydrological processes.
 6Conclusion
We first showed measured differences in the isotopic composi-
tion of MW (sampled with suction lysimeters) and BW (sampled 
with the direct-equilibration method) in soils of northern environ-
ments. The MW isotopic compositions plotted on the LMWL 
(input signal), while the BW isotopes plotted below the LMWL 
(isotopic enrichment) in the dual-isotope space, which agrees with 
observations in warmer climatic regions made by others. These dif-
ferences in lc-excess show opportunities to study the activation of 
preferential flow paths and interactions between macropores and 
the soil matrix. We suggest that the ratio between the volumes of 
the two soil water pools, here assessed as VMW/VBW, is relevant to 
the observed differences in stable isotopes of the two pore domains. 
Thus, MW and BW isotopes are likely to be more different the 
drier the soil becomes—as seen in the field measurements. This 
has direct implications for the interpretation of the soil water iso-
tope composition data, when relating them to plant water isotope 
measurements to infer root water uptake patterns or when esti-
mating transit or residence time distribution in soils. Importantly, 
we conclude that, under dry conditions when the mobile water is 
a relatively small fraction of the BW, an isotopic composition of 
the plant water similar to that of the BW is not paradoxical. We 
underlined our conclusion with simulations, which showed that 
ignoring the evaporative enrichment such as in HYDRUS-1D 
leads to an underestimation of deuterium and oxygen values in 
the topsoil. While this underestimation is relatively moderate in 
the low-energy environments studied here, the effect is likely to 
be more intense in regions with higher evaporative losses. When 
including evaporative enrichment in the simulations, assuming 
a uniform pore space (one-pore domain) leads to an overestima-
tion of the fractionation signal in the topsoil. Accounting for 
two different pore spaces, divided into fast and slow flow (TPD), 
improved the simulations and could reflect the observation that 
BW lc-excess does not necessarily relate linearly to soil evaporation 
losses. Because the TPD approach with isotopic exchange via water 
vapor was closer to the observed isotope pattern than a conceptu-
alization without exchange via vapor, we conclude that the mobile 
and tightly retained waters in the subsurface interact and are not 
independent water pools. How intense this exchange between the 
two pore domains is and whether all water of the slow flow domain 
takes part in the exchange needs further investigation. However, 
our measured and simulated data indicate that the age of water at 
the pore scale has a major influence on the evaporation signal of 
the soil water, with younger mobile water being very similar to the 
input signal but water of the slow flow domain showing isotopic 
fractionation due to soil evaporation.
Variables
A area of the surface for liquid–vapor exchange, differentiated 
between the fast and slow flow domains (Af and As, 
respectively), cm
a air-entry value (van Genuchten parameter), cm−1
BW bulk soil water, sampled with cryogenic extraction or direct 
equilibration method
C atomic ratios for 2H and 18O, differentiated between Cfast and 
Cslow, %
Ceq equilibrium concentration between two water pools, %
DDF degree day factor, mm d−1 °C−1
dBW isotopic composition (d2H and/or d18O) of bulk soil water, ‰
dMW isotopic composition (d2H and/or d18O) of mobile soil water, ‰
dP isotopic composition (d2H and/or d18O) of precipitation and 
snowmelt input, ‰
ew saturated vapor pressure, hPa
fa areal factor that scales the surface area of the liquid–vapor 
interface
GMWL global meteoric water line
hBW pressure head limit of bulk water sampled with the direct-
equilibration method, hPa
hFC pressure head of field capacity, hPa
hf pressure head in the fast flow domain, hPa
VZJ | Advancing Critical Zone Science p. 16 of 18
hMW pressure head limit of mobile water sampled with suction 
lysimeters, hPa
hPWP pressure head of the permanent wilting point, hPa
hs pressure head in the slow flow domain, hPa
K hydraulic conductivity, cm d−1
k parameter for the exchange via water vapor phase, cm hPa−1 d−1
lc-excess line-conditioned excess, ‰
l dispersivity parameter, cm
LMWL local meteoric water line
MAE mean absolute error
MW mobile soil water, sampled with suction lysimeter
n shape parameter (van Genuchten parameter)
OPD one-pore domain
T mean daily air temperature, °C
TPD two-pore domain with isotopic exchange via vapor exchange
TPD_noex two-pore domain without isotopic exchange via vapor exchange
q volumetric water content, cm3 cm−3
qr residual volumetric water content, cm3 cm−3
qs saturated volumetric water content, cm3 cm−3
p significance level
PET30 30-day running mean of potential evapotranspiration, mm d
−1
P1,  P30 weighted running average (1 and 30 d) isotopic composition of the 
precipitation and snowmelt input as in d2H P1 and lc-excess P1 
and d2H P30 and lc-excess P30, respectively, ‰
f soil porosity (with ff and fs for the fast and slow domains, 
respectively)
r  Pearson’s correlation coefficient
rf  radius of the fast flow domain, cm
rs  radius of the slow flow domain, cm
rw  water density, g cm−3
SM  snowmelt, mm
S  packing parameter for the surface area model (S = 0.15)
SWE  snow water equivalent, mm
s  surface tension, J m−2
VBW  bulk soil water volume that can be sampled with the direct-
equilibration method, mm
Vf  soil water volume in the fast flow domain, mm
VMW  mobile (of the fast flow domain) soil water volume that can be 
sampled with suction lysimeters, mm
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